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Abstract

A composite of manganese monoxide loaded onto carbon nanotubes (CNTs@MnO) has been synthesized by
a facile approach, in which the CNTs form a continuous conductive network connecting the electrocatalyst
MnO nanoparticles together to facilitate good electrochemical performance. The electrocatalyst MnO shows
favourable rechargeability, and good phase and morphology stability in lithium oxygen batteries. Excellent
cycling performance is also demonstrated, in which the terminal voltage is higher than 2.4 V after 100 cycles at
0.4 mA cm-2, with 1000 mAh g-1 (composite) capacity. Therefore, this hybrid material is promising for use as a
cathode material for lithium oxygen batteries.
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A composite of manganese monoxide loaded onto carbon nanotubes (CNTs@MnO) has been synthesized by
a facile approach, in which the CNTs form a continuous conductive network connecting the electrocatalyst
MnO nanoparticles together to facilitate good electrochemical performance. The electrocatalyst MnO shows
favourable rechargeability, and good phase and morphology stability in lithium oxygen batteries. Excellent
cycling performance is also demonstrated, in which the terminal voltage is higher than 2.4 V after 100 cycles
at 0.4 mA cm22, with 1000 mAh g21(composite) capacity. Therefore, this hybrid material is promising for use
as a cathode material for lithium oxygen batteries.

T

he demand for sustainable and clean energy is becoming more and more critical, owing to the emergence of
applications such as electric vehicles and the many new types of portable electronic devices currently
available. Therefore, the search for the next generation of energy-storage materials and devices is extremely
important. The lithium air battery is one of the most promising ones because of its potential for very high-energy
density, exceeding that of any other existing energy storage system, owing to its inexhaustible and ubiquitous
source of oxygen. The electrocatalysts for the oxygen reduction reaction (ORR, O2 1 2Li1 1 2e2 R Li2O2) and
the oxygen evolution reaction (OER, Li2O2 R O2 1 2Li1 1 2e2) play a key role in improving the power density,
cycling stability, and energy efficiency, and are key enablers for practical rechargeable lithium oxygen batteries.
Therefore, it is necessary to develop stable and efficient electrocatalysts with proper morphology for the oxygen
reduction and oxygen evolution reactions in the lithium air battery1–7. The electrocatalysts can be roughly
classified into the following three categories: (1) porous carbon materials, including carbon black, nanostructured
carbon, functionalized carbon, and graphene, which, strictly speaking, are not electrocatalysts, but act as electrocatalyst support or as an electrically conductive additive8–14; (2) precious metals (alloys), for example, Pt, Au, Ag,
and Pd, which might make a lithium air battery economically impractical15–19; and (3) transition metal oxides,
mainly manganese-based oxides and composites, and cobalt oxides9,20–24, which have attracted great attention
because of their potential low cost and rich resources. Among these catalysts, various structures and morphologies
of manganese oxide, such as MnO2 nanowires, MnO2 hollow spheres, and MnO2 nanorods, have been synthesized and used as cathode catalysts for lithium air batteries20. It is worth pointing out, however, that MnO2,
although a very promising cathode material for the lithium primary battery, cannot be stably cycled between 1.5 –
4.0 V vs. Li1/Li in the lithium ion rechargeable battery system. MnO2 takes part in the reaction to form intermediate products with unexpected morphology, which will influence the electrocatalyst performance25.
Therefore, MnO2 would not be a good choice as a stable electrocatalyst for the lithium air battery.
On the other hand, many reports have also revealed that the supporting materials for the electrocatalyst are also
one of the key factors controlling the performance of the oxygen electrode2,6,18,26–28. The application of carbon
nanotubes (CNTs) in electrical materials has attracted intense research interest because of their extraordinary
thermal and mechanical stability, as well as the high electronic conductivity of CNTs. Homogeneously dispersing
CNTs on the surface of the active materials has the following advantages: (1) the CNTs form a continuous
conductive network on the bulk of the electrode to improve the cycling performance; (2) the CNTs improve the
adsorption and penetration of the electrolyte on the surface of the electroactive materials to facilitate the electrode
reaction kinetics; and (3) the CNTs can act as a buffer among the electroactive materials due to their superior
resiliency, restraining cracking and crumbling, and maintaining the integrity of the electrode29.
Therefore, in this work, we investigated stable manganese monoxide (MnO) decorated on carbon nanotube
catalyst support as oxygen electrocatalyst in lithium oxygen batteries, and conducted further research on the
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Figure 1 | Schematic flow-process diagram of the whole process, with corresponding HRTEM images of the CNTs@MnOx (a, b), and CNTs@MnO (c,
b) composites.

deposition of reaction products and decomposition mechanism in
the electrocatalysis process using the hydrodynamic rotating ringdisk electrode (RRDE) technique in non-aqueous solution. Multiwall
carbon nanotubes with high electronic conductivity were used as the
supporting materials for the electrocatalyst, and nanosized MnO was
successfully deposited on them to catalyse the chemical reactions
with high capacity. The composite material with its network structure shows favourable rechargeability and good stability in the air
electrode for lithium oxygen batteries.

Results
Structure and Morphology Analysis. The general process for the
fabrication of CNTs@MnO composite is illustrated in Fig. 1. Typically, MnO421 anions react with multiwall CNTs in water solution to
produce an amorphous Mn-based precursor MnOx layer that forms a
coating on the CNTs, as can be confirmed by the high resolution
transmission electron microscope (HRTEM) images in Fig. 1(a, b).
Then, the CNTs@MnO composite is obtained by annealing the
intermediate product at 500uC for 6 h in a reducing H2/Ar atmosphere. MnO nanoparticles with sizes in the range of 20 nm are
uniformly anchored on and connected with the CNTs to form a
continuous conductive network, which can also be confirmed by
Fig. 1(c, d).
Information on the process was obtained from the associated Xray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
measurements (Fig. 2). In Fig. 2(a), apart from the peaks of the CNTs
at 26u, three weak peaks (marked with asterisks) at 2h around 12u,
37u, and 66u are observed in the intermediate product CNTs@MnOx,
which mainly can be indexed to a-MnO2, including its amorphous
phase. After annealing at 500uC in Ar/H2 atmosphere, pure cubic
MnO was then obtained, which is indexed to a pure cubic phase
(PDF:07 – 0230), and no impurity peaks can be found. The MnO
cubic phase can also be confirmed from the lattice fringes corresSCIENTIFIC REPORTS | 5 : 8012 | DOI: 10.1038/srep08012

ponding to the (111) planes in the HRTEM image shown in Fig. 1(d).
In Fig. 2(b), the Mn 2p peak of the original CNTs@MnOx can be
deconvoluted into two different components. The most intense peak,
at 642.5 eV, is assigned to Mn 2p3/2, which, together with the component at 653.9 eV that corresponds to Mn 2p1/2, is a signature of Mn
(IV) on the surface of the CNTs@MnOx composite. After reduction
in Ar/H2 atmosphere, the peaks of Mn 2p3/2 and Mn 2p1/2 left shift to
642.2 eV and 653.4 eV, respectively, as is characteristic of MnO,
revealing that the Mn (IV) has been reduced to Mn (II). The samples
were also investigated using Raman spectroscopy (Fig. S2 in the
Supplementary Information). After coating with the MnOx layer
and reducing it to MnO particles on the outer surface of the CNTs,
the characteristic Mn – O vibration modes of manganese oxides are
located in the range of 580 – 670 cm21. The total weight of CNTs in
the CNTs@MnO composite can be roughly calculated as 50% from
the loss percentage in the thermogravimetric analysis (TGA) curves
(Fig. S3).
Electrochemical characterization. The electrochemical properties
of the CNTs@MnO were then examined in a lithium oxygen cell
without conductive carbon black (Fig. S1 in the Supplementary
Information), and all of the results for the specific capacities are
calculated from the total composite mass in the cathode. The pure
CNTs and CNTs@MnOx are included for comparison in Fig. 3(a),
which shows the first discharge/charge voltage profiles of the
electrodes with pure CNTs, and the CNTs@MnOx and CNTs@
MnO composites at a current density of 0.1 mA cm22. Compared
with the pure CNTs and the CNTs@MnOx, we can clearly see that the
CNTs@MnO composite shows excellent discharge/charge performance. The CNTs@MnO composite exhibits the improvement of
the discharge capacity and the round-trip performance (the ratio
of discharge to charge voltage) that is vital for electrochemical
energy storage devices, delivering a discharge capacity of 6360 and
2
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Figure 2 | (a) XRD results for CNTs, and the CNTs@MnOx and CNTs@MnO composites; (b) XPS results for the CNTs@MnOx and CNTs@MnO
composites.

a charge capacity of 5510 mAh g21(composite) at 0.1 mA cm22 current
density. Furthermore, the discharge plateau of the CNTs@MnO
composite is at 2.67 V, higher than those of the pure CNTs and
CNTs@MnOx, 2.53 and 2.55 V (specific capacity 2000 mAh
g21(composite) positions), respectively. The charge voltage of the
CNTs@MnO composite is also much lower than those of the
CNTs and CNTs@MnOx, showing the best round-trip performance. In Fig. 3(b), when the current density is increased to 0.2,
0.4, and 0.6 mA cm22, the CNTs@MnO composite also exhibits
excellent discharge/charge performance, with 5916/4974, 4137/
3905, and 2527/2293 mAh g21(composite), respectively. According to
the capacity-limited cycling method that has recently come into
widespread use27, Fig. 3(c, d) respectively presents the discharge/
charge and cycling performances of the CNTs@MnO composite at
0.4 mA cm22 current density with a fixed specific capacity of 1000
mAh g21(composite). The ORR and OER profiles for the CNTs@MnO
composite are shown over the whole process of discharge and charge.
It exhibits a higher ORR potential and lower OER potential
compared to the other samples, even after 100 cycles, and the
voltage obtained at the discharge terminal is higher than 2.4 V for
100 cycles. Generally speaking, the CNTs@MnO composite exhibits
excellent electrochemical performance in terms of both deposition
and decomposition of discharge products, which might be attributed
to substantial reaction sites for the reaction and deposition of
nanocrystal products located between the MnO and the CNTs,
resulting from surface defects together with the continuous threedimensional (3D) electronically conductive network formed by the
CNTs, as well as the efficient synergistic effects of the high catalyst
reaction rates towards the ORR and OER processes from the MnO
electrocatalyst.
Reaction mechanism. The rotating disk electrode (RDE) technique
was used to investigate the ORR activities of three samples in O2saturated 0.1 M KOH electrolyte at a scan rate of 5 mV s21, including
commercial Pt/C (10 wt% Pt on Vulcan XC-72), pure CNTs, and
CNTs@MnOx and CNTs@MnO composites. As shown in the RDE
curves in Fig. 4, the pure CNTs exhibited the lowest ORR
electrocatalytic activity, while CNTs@MnO showed an enhanced
ORR performance with positive onset potential and large current
density compared to those of the CNTs@MnOx composite and
commercial Pt/C. Furthermore, the RDE curves of Pt/C, pure
CNTs, and the CNTs@MnOx and CNTs@MnO composites at
various rotation speeds were collected to determine their ORR
kinetic performances (details in Supplementary information)30–32.
The corresponding Koutecky-Levich (K–L) plots (J21 vs. v21/2) at
various electrode potentials exhibited good linearity (inset images in
Fig. 4). The linearity and parallelism of the K–L plots suggested firstSCIENTIFIC REPORTS | 5 : 8012 | DOI: 10.1038/srep08012

order reaction kinetics with respect to the concentration of dissolved
oxygen and similar electron transfer numbers for the ORR at
different potentials33–35. The electron transfer number (n) of
CNTs@MnO composite was calculated to be 3.8–4.0 from the
slope of the K–L plot, indicating that CNTs@MnO favoured a 4e2
oxygen reduction process, in contrast to the lower values of n for
CNTs@MnOx (3.2–3.4) and pure CNTs (1.3–1.5). We can reach the
conclusion that the CNTs@MnO composite shows much higher
ORR catalytic activity than pure CNTs, CNTs@MnOx, and commercial Pt/C, so that it might be a promising non-precious-metalbased catalyst.
To demonstrate the results of accurate and similar research on the
ORR and OER processes in non-aqueous electrolyte, Figure 5(a)
shows steady-state cyclic voltammograms (CVs) of the three sample
electrodes in 1 M LiPF6 in tetraethylene glycol dimethyl ether
(TEGDME) under both argon saturated and oxygen saturated conditions with a scan rate of 20 mV s21. Obviously, no significant
anodic or cathodic peak was observed for the CNTs@MnO composite with argon saturated electrolyte, which suggests that there are no
corresponding chemical reactions proceeding in the whole process36,37. In the anodic scan process when the electrolyte was saturated with oxygen, however, the three electrodes show a current
corresponding to the oxygen reduction process, in which CNTs@
MnO showed enhanced reduction performance with positive onset
potential and a large current density compared to those of the pure
CNTs and CNTs@MnOx composite. In the following cathodic scan
process, there is a substantial evolution current, while no evidence of
such a current appears for either the pure CNTs or the CNTs@MnOx
composite, which indicates that MnO plays a key role in the process
of the oxygen evolution reaction.
To investigate the formation of the reaction products, linear sweep
voltammograms (LSPs) were collected between 1.6 – 3.0 V with a
scan rate of 5 mV s21 at 900 rpm in O2-saturated electrolyte, with the
ring held at 3.5 V, as shown in Figure 5(b). In this technique, the
intermediate or final products, O2 or O22, generated at the disk
electrode could be accurately determined. It is found that CNTs@
MnO also shows an enhanced reduction trend with positive onset
potential and large current density compared to those of the pure
CNTs and CNTs@MnOx composite, together with a high ring current corresponding to a high percentage of intermediate or final
products.
To further understand the whole process of the CNTs@MnO
hybrid reaction mechanism, ex-situ XRD was used to determine
the phases of the reaction products in the cathode electrode at different discharge/charge states, as shown in Figure 6. The original
XRD pattern for the as-prepared cathode electrode, consisting of
CNTs@MnO coated onto glass fibre separator (GFS), exhibits several
3
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obvious peaks corresponding to MnO phase. Compared with the
original electrode, there is clear evidence of the presence of crystalline
Li2O2 at the end of the first full discharge, which indicates that a large
amount of discharge product has been deposited on the cathode
electrode. At the end of charging, the Li2O2 cannot be detected,
which is consistent with the results obtained by other groups, indicating the high reversibility of Li2O2 during cycling6,15,17,38,39.
Meanwhile, the XRD patterns show that there is no big change in
the MnO peaks after charge and discharge, indicating the stability of
MnO as electrocatalyst, which is consistent with the results in Fig. S4.
MnO and MnOx were reacted with lithium ions to different degrees
to test the catalyst stability in the working voltage window. In Fig. S4,
MnO only exhibits less that 10 mAh g21 specific capacity, much less
than that of MnOx (. 170 mAh g21), within the voltage window
between 2.0–3.5 V. Therefore, the conclusion we reach from the
XRD results is that the main reaction product Li2O2 can be decomposed and that MnO electrocatalyst maintains highly stable catalyst
function over the whole discharge/charge process.
The morphologies of the cathodes and a schematic diagram showing the different discharge/charge states are shown in Fig. 7. In the
discharge process, the reaction produces Li2O2 nanocrystals deposited on the cathode electrode, which can be confirmed by the corresponding scanning electron microscope (SEM) images in (i, ii). In
the charge process, Li2O2 deposits are decomposed because of the

role of the MnO electrocatalyst, which indicates the lower charge
potential platform, resulting in the disappearance of the obvious
aggregates in the corresponding image (iii and iv), which is in agreement with the XRD results. The schematic diagram summarizes the
whole process of discharge and charge. It is worth to point out that
the reactions are happening in the interfaces of solid (electrode materials), liquid (electrolyte), and gas (oxygen) phases. Therefore, any
tiny factors may influence the performance of the whole ORR and
OER processes in the cell. Nevertheless, MnO electrocatalyst coating
on CNTs builds an efficient composite. It promotes high energy
density in the lithium oxygen batteries because of the abundant
deposition and positions of reaction products.
Conclusions. CNTs@MnO electrocatalyst was obtained by annealing the intermediate product CNTs@MnOx at 500uC for 6 h in a
reducing H2/Ar atmosphere. The annealed product shows favourable rechargeability and good stability, along with an electronically
conductive network, in lithium oxygen cells. MnO nanoparticles
coated on the walls of the CNTs play a key electrocatalyst role in
the ORR and OER reactions and influence the reaction product
deposition and decomposition, as evidenced by the results of the
hydrodynamic investigation techniques. CNTs@MnO composite
shows excellent discharge/charge performance in lithium oxygen
cells, delivering 6360/5510, 5916/4974, 4137/3905, and 2527/

Figure 3 | (a) First discharge-charge curves of the CNTs, and the CNTs@MnOx and CNTs@MnO composites at 0.1 mA cm22 current density;
(b) discharge-charge curves of the CNTs@MnO composite at different current densities; (c) discharge-charge curves for selected cycles of the CNTs@
MnO composite at the current density of 0.4 mA cm22 with a fixed capacity of 1000 mAh g21(composite); (d) variation with cycle number of the discharge
terminal voltage at the current density of 0.4 mA cm22 with a fixed capacity of 1000 mAh g21(composite).
SCIENTIFIC REPORTS | 5 : 8012 | DOI: 10.1038/srep08012
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Figure 4 | RDE curves of commercial Pt/C (10 wt% Pt on Vulcan XC-72) (a); CNTs (b); CNTs@MnOx (c); CNTs@MnO (d) in O2-saturated 0.1 M
KOH solution with various rotation speeds and a sweep rate of 5 mV s21; inset: K–L plots (J21 versus v21/2) at different potentials.

2293 mAh g21(composite) at 0.1, 0.2, 0.4, and 0.6 mA cm22 current
densities, respectively, in the fully-discharged stage. Furthermore,
the CNTs@MnO composite also shows excellent discharge/charge
and cycling performance at 0.4 mA cm22 current density with
limited specific capacity of 1000 mAh g21(composite), with a higher
ORR potential as well as a lower OER potential than the other
electrodes. The voltage obtained at the discharge terminal is higher
than 2.4 V for 100 cycles. Therefore, CNTs@MnO composite is
promising for use as a cathode electrocatalyst material for lithium
oxygen batteries.

Methods
Synthesis. Preparation of CNTs@MnO composite: commercial multiwalled CNTs
(carbon nanotubes, multi-walled, 6–13 nm in outer diameter and 2.5–20 mm in
length, Aldrich) were purified by refluxing the as-received sample in 10 wt% nitric
acid for 12 h. The acid-treated CNTs were then collected by filtration and dried in
vacuum at 120 oC for 12 h. The typical synthesis process for the CNTs@MnO
composite can be described as follows. Firstly, 0.2 g CNTs were dispersed in 200 ml
deionized (DI) water by ultrasonic vibration for 1 h. 0.32 g KMnO4 was then added
into the above suspension, and the mixed solution was stirred by a magnetic bar for
10 h in a round-bottom flask at the temperature of 70 oC. Finally, the product was
obtained after centrifugation and washing with water. Then, the obtained black
product was dried at 60 oC for 10 h in a vacuum oven, followed by sintering at 500 oC
for 6 h under Ar/H2 (9555, v/v) atmosphere to yield the CNTs@MnO.
Characterization. The phase purity and the structural characteristics were analysed
by X-ray powder diffraction (GBC MMA) equipped with Cu Ka radiation that was
operated over a 2h range of 5–80u in a continuous scan mode with a scan rate of 2u
min21. The particle size and morphology of the samples were examined using field

SCIENTIFIC REPORTS | 5 : 8012 | DOI: 10.1038/srep08012

emission scanning electron microscopy (FE-SEM; JEOL JSM-7500). Raman spectra
were collected using a Raman spectrometer (Jobin Yvon HR800) employing a
10 mW/neon laser at 632.8 nm. The amount of CNTs in the samples was estimated
using a Mettler-Toledo thermogravimetric analysis/differential scanning calorimetry
(TGA/DSC) STARe System from 50–800 oC at 10 oC min21 in air flux.
Electrochemical measurements. Electrochemical experiments were performed using
CR2032 type coin cells with holes in the cathode shell (Fig. S1). For preparing working
electrodes, a mixture of the as-synthesized hybrid materials and poly(vinyl difluoride)
(PVDF) in a weight ratio of 90510, using 1-methyl-2-pyrrolidinone (NMP) as the
solvent, was pasted on the glass microfiber filters which are used for the separator.
Typical loadings of cathode powder on 1.1 cm2 electrode were ,1.5 mg cm22
(catalyst). The electrolyte consisted of a solution of 1 M LiPF6 in tetraethylene glycol
dimethyl ether (TEGDME). Pure lithium foil was used as the counter electrode. The
cells were assembled in an argon-filled glove box (Mbraun, Unilab, Germany).
Galvanostatic deep-full charge-discharge curves were collected at various current
densities of 0.1, 0.2, 0.4, and 0.6 mA cm22 (75, 150, 300, and 450 mA g21) between 4.5
and 2.0 V vs. Li1/Li, and discharge-charge cycle tests was conducted with 1000 mAh
g21 cut off discharge capacity and then charging to 4.4 V vs. Li1/Li. The catalyst
stability towards lithium within the voltage window between 2.0–3.5 V was carried
out using a lithium ion battery set-up. All tests were conducted on LAND CT 2001A
multi-channel battery testers at room temperature in oxygen atmosphere using our
specially designed oxygen box. Measurements were repeated at least three times to
ensure reliability.
The aqueous rotating disk electrode (RDE) electrochemical tests were carried out
using a computer-controlled potentiostat (Princeton 2273 and 616, Princeton
Applied Research) with a typical three-electrode cell. A piece of platinum was used as
the counter-electrode and an Ag/AgCl (saturated KCl filled) electrode as the reference
electrode. The working electrodes were prepared by applying the respective catalyst
inks onto the pre-polished glassy carbon (GC) disk electrodes. Briefly, 5 mg sample
and 100 mL 5 wt% NafionH solution were dispersed in 1 mL water/isopropanol (3/1;
V/V) solution and ultrasonicated for 30 min to form uniform catalyst inks (,5 mg

5
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Figure 5 | (a) CV curves acquired at 20 mV s21 in O2 (red line) or Ar (black line) saturated 1 M LiPF6 in TEGDME with 900 rpm rotation speed.
(b) RRDE results of the linear sweep voltammograms (LSPs) between 1.6–3.0 V in O2 saturated 1 M LiPF6 in TEGDME acquired at 5 mV s21 with
900 rpm rotation speed.
mL21). A total of 4.5 mL of well-dispersed catalyst ink was applied onto a pre-polished
glassy carbon (GC) disk electrode (5 mm in diameter). The electrodes thus prepared
were dried at room temperature overnight prior to the electrochemical tests. The
detailed kinetic analysis was conducted according to Koutecky-Levich plots:
1 1
1
~ z
j jk Bv0:5

ð1Þ

where jk is the kinetic current and B is Levich slope, which is given by:
B~0:2nF(DO2 )2=3 v{1=6 CO2

ð2Þ

Here, n is the number of electrons transferred in the reduction of one O2 molecule, F
is the Faraday constant (F 5 96485 C/mol), DO2 is the diffusion coefficient of O2 (DO2
5 1.9 3 1025 cm2 s21), n is the kinematic viscosity for KOH (v 5 0.01 cm2 s21) and

CO2 is concentration of O2 in the solution (CO2 5 1.2 3 1026 mol cm23). The constant
0.2 is adopted when the rotation speed is expressed in rpm. According to Equations
(1) and (2), the number of electrons transferred (n) can be obtained from the slope of
Koutecky-Levich plot of i21 vs. v21/2.
The non-aqueous rotating ring-disk electrode (RRDE) electrochemical tests and
the cyclic voltammetry (CV) were carried out using computer-controlled potentiostats (Princeton 2273 and 636, Princeton Applied Research, Arbin BT2000). A
lithium foil embedded inside nickel foam was used as the counter-electrode and
reference electrode. The working electrodes were prepared using the same procedure
as described above. A total of 5.5 mL of well-dispersed catalyst ink was applied onto a
pre-polished glassy carbon (GC) disk electrode (5.61 mm in diameter). The electrodes thus prepared were dried at room temperature overnight prior to the electrochemical tests. Cyclic voltammograms (CV) in non-aqueous electrolyte were
obtained between 2 V and 4.5 V at various rotation speeds from 400 to 2700 rpm in

Figure 6 | XRD patterns for different charge and discharge states of the CNTs@MnO composite coating on the glass fiber separator (GFS).
SCIENTIFIC REPORTS | 5 : 8012 | DOI: 10.1038/srep08012
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Figure 7 | SEM images at different charge and discharge states of the CNTs@MnO composite at the current density of 0.4 mA cm22 (i–iv); and a
schematic diagram of the whole process of discharge and charge (b).
O2 saturated electrolyte. Working electrodes were first prepared by the procedure
described above in the electrode preparation section. The working electrode was
immersed in Ar-purged electrolyte for 20 minutes prior to each cyclic voltammetry
experiment. After steady-state CVs were obtained in Ar (2.0–4.5 V, 20 mV s21), the

SCIENTIFIC REPORTS | 5 : 8012 | DOI: 10.1038/srep08012

cell was purged with O2 for 20 min, and similar CVs were obtained in O2-saturated
electrolyte at 20 mV s21 at various rotation speeds. Linear sweep voltammograms
(LSPs) were collected between 1.6 – 3.0 V with a scan rate of 5 mV s21 at 900 rpm in
O2-saturated electrolyte, with the ring held at 3.5 V.
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